Autofluorescence, the naturally occurring endogenous fluorescence arising in response to excitation by light is highly advantageous for noninvasive investigation of mitochondrial metabolic state directly in living cells [1](#cytoa23591-bib-0001){ref-type="ref"}. At the same time, photobleaching is the loss of the autofluorescence intensity following prolonged exposure of cells to light and their inherent phenomenon occurring during the fluorescence acquisition has a negative impact on the recorded data [2](#cytoa23591-bib-0002){ref-type="ref"}. It arises during long periods of detection of the fluorescence and can therefore significantly impact‐driven conclusions. As it is also accompanying fluorescence recordings in living biological systems, it can therefore represent an essential limitation of physiological studies, such as metabolic imaging. Indeed, excessive illumination in the ultraviolet range to acquire NADH autofluorescence is associated with mitochondrial fission and swelling [3](#cytoa23591-bib-0003){ref-type="ref"}. Moreover, significant loss in FAD autofluorescence in brain slices was accompanied by changes in tissue pO~2~, field potential and \[K^+^\]~o~ [4](#cytoa23591-bib-0004){ref-type="ref"}. In addition, ultrashort laser pulses in two‐photon excitation negatively affected cell vitality and reproduction [5](#cytoa23591-bib-0005){ref-type="ref"}. There is a long effort to avoid phototoxicity in live fluorescent microscopy [6](#cytoa23591-bib-0006){ref-type="ref"}. In this article, our aim was to compare photobleaching in a typical confocal microscopy experiment.

Bulk of the cellular autofluorescence signal, generated after excitation with visible blue/green light, is localized in mitochondria and has its origin in the chemical reactivities of flavins and flavoproteins emitting in a broad spectral range from 490 to 560 nm [7](#cytoa23591-bib-0007){ref-type="ref"}, [8](#cytoa23591-bib-0008){ref-type="ref"}, [9](#cytoa23591-bib-0009){ref-type="ref"}, [10](#cytoa23591-bib-0010){ref-type="ref"}. Fluorescence of flavins involved in the mitochondrial energy metabolism is dependent on their redox state [11](#cytoa23591-bib-0011){ref-type="ref"}. Due to this fact, the redox fluorimetry, based on the recording of the fluorescence increase in the oxidized state and its decrease in the reduced state, offers a possibility of investigation of the mitochondrial metabolism and its connection to mitochondrial respiration in isolated mitochondria [12](#cytoa23591-bib-0012){ref-type="ref"}, in living cells [7](#cytoa23591-bib-0007){ref-type="ref"}, [8](#cytoa23591-bib-0008){ref-type="ref"}, [13](#cytoa23591-bib-0013){ref-type="ref"}, and/or in tissues [4](#cytoa23591-bib-0004){ref-type="ref"}, [10](#cytoa23591-bib-0010){ref-type="ref"}, [14](#cytoa23591-bib-0014){ref-type="ref"}.

Flavin fluorescence is for long recognized to be subjected to photobleaching both in in vitro [15](#cytoa23591-bib-0015){ref-type="ref"} and in vivo conditions [13](#cytoa23591-bib-0013){ref-type="ref"}. Despite the fact that autofluorescence signal was known to originate from multiple sources, in previous studies---where the cellular autofluorescence was recorded using bandpass or high pass detection---the photobleaching was only considered to lead to decline in fluorescence maxima [9](#cytoa23591-bib-0009){ref-type="ref"} and/or to under‐ or over‐estimation of fluorescence changes [13](#cytoa23591-bib-0013){ref-type="ref"}. Since the bandpass detection does not allow recognition of photobleaching characteristics of individual components, such assumptions were based on the premise that photobleaching of all flavin components is uniform. Despite the fact that the photobleaching was acknowledged in multiple spectrally resolved studies [16](#cytoa23591-bib-0016){ref-type="ref"}, [17](#cytoa23591-bib-0017){ref-type="ref"}, [18](#cytoa23591-bib-0018){ref-type="ref"}, [19](#cytoa23591-bib-0019){ref-type="ref"}, [20](#cytoa23591-bib-0020){ref-type="ref"}, spectral characteristics of the signal decrease due to photobleaching were not fully assessed. In these cases, the authors only referred to the decrease in the total flavin cellular autofluorescence and focused at the appearance of secondary changes of the cell morphology due to photodamage [21](#cytoa23591-bib-0021){ref-type="ref"} or introduced a criterion of "normal" responsiveness instead [20](#cytoa23591-bib-0020){ref-type="ref"}. We previously compared photobleaching of individual NAD(P)H fluorescence components using time‐resolved fluorescence spectroscopy [22](#cytoa23591-bib-0022){ref-type="ref"} and showed only little effect. However, to be able to better comprehend the limitations of metabolic imaging, the primary loss of fluorescence during photobleaching and its functional implications needs to be further elucidated.

The aim of this study was to determine whether the photobleaching of flavin fluorescence leads to over‐ or under‐estimation of fluorescence intensity only, and/or it also involves altered cell functioning. We approached this issue by applying spectrally resolved confocal laser scanning microscopy on living cardiomyocytes and by subsequent linear unmixing of individual autofluorescence components from the multispectral images [8](#cytoa23591-bib-0008){ref-type="ref"}. In this way, we were able to perform simultaneous detection of individual spectral components of flavin fluorescence involved in various pathways of mitochondrial metabolism and respiration. The loss of autofluorescence due to photobleaching was measured by repetitive confocal laser scanning and imaging of freshly isolated cardiac myocytes. In this study, we evaluated photobleaching using a single photon excitation, as is the case of most microscopy studies, including those employing fluorescent probes. We have examined spectral characteristics and radiant exposure dependency of photobleaching of flavin fluorescence, as well as responsiveness of cells to mitochondrial modulators after photobleaching.

Materials and Methods {#cytoa23591-sec-0002}
=====================

Preparation of Cells and Solutions {#cytoa23591-sec-0003}
----------------------------------

### Animals {#cytoa23591-sec-0004}

The work was performed on adult Wistar rats (weighting 290--350 g, Dobra Voda, Slovakia). All procedures comply with the Ethical Committee of the Pharmaceutical Faculty, Comenius University, Bratislava, Slovak Republic. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No 85‐23, revised 1996).

### Isolation of cardiomyocytes and handling during experiment {#cytoa23591-sec-0005}

Left ventricular myocytes were isolated following retrograde perfusion of the heart with proteolytic enzymes [23](#cytoa23591-bib-0023){ref-type="ref"}, [24](#cytoa23591-bib-0024){ref-type="ref"}, using 1.0 mg/ml collagenase (type II; Gibco‐BRL, Crewe, UK) and 0.1 mg/ml protease (Sigma‐Aldrich, Steinheim, Germany) in low CaCl~2~ (50.0 μl) at 35 ± 1°C. The pellets of myocytes were resuspended in enzyme‐free isolation solution containing 0.75 μl CaCl~2~ (see "Solutions" section for composition) and maintained in a Petri dish at 4°C until use. Only cells that showed clearly defined sarcomere striations and have contracted in a stable way in response to field stimulation were used in this study, in up to 10 h following dissociation.

In each experiment, cells were prefield stimulated at 0.5 Hz for about 3--5 min prior to the recording of images to insure that we work on functional cells with stabilized calcium loading. Pulse generator (Harvard Inst., Digitimer, Hertfortshire, UK) was used for frequency‐triggered field‐stimulation in a home‐made perfusion chamber, equipped with stimulation Pt electrodes. Perfusion at 35 ± 1°C or room (22 ± 1°C) temperature was performed via peristaltic pump at 1 ml/min rate and open surface of perfusion chamber allowed free access to oxygen.

### Reagents {#cytoa23591-sec-0006}

Sodium cyanide (NaCN), prepared in water and 2,4‐dinitrophenol (DNP) and prepared in DMSO, were used at final concentrations 4.0 μl and 50.0 μl, respectively. KCl, CaCl~2~, and glucose were purchased from Merck (Darmstadt, Germany), collagenase was obtained from Gibco, and NaCl, MgCl~2~, and NaH~2~PO~4~ were obtained from Lachema (Brno, Czech Republic). All other drugs were purchased from Sigma.

### Solutions {#cytoa23591-sec-0007}

Isolation solution: The physiological salt solution was used for the isolation and storage of myocytes contained (in μl): NaCl, 130.0; KCl, 5.4; MgCl~2~⋅6H~2~O, 1.4; NaH~2~PO~4~, 0.4; creatine, 10.0; taurine, 10.0; glucose, 10.0; 4‐(2‐hydroxyethyl)‐1‐piperazineethenesulfonic acid (HEPES), 10.0; titrated to pH 7.3 with NaOH. This was supplemented with EGTA or Ca^2+^ at following stages of the isolation procedure, as described previously [23](#cytoa23591-bib-0023){ref-type="ref"}, [24](#cytoa23591-bib-0024){ref-type="ref"}.

Basic external solution: Basic external solution perfused on single cardiomyocytes during recording contained (in μl): NaCl, 130.0; KCl, 5.4; CaCl~2~, 1.8; MgCl~2~, 1.4; NaH~2~PO~4~ 0.4, glucose, 10.0; HEPES, 10.0; adjusted to pH 7.3 with NaOH or NaCl, 140; KCl, 5.4; CaCl~2~, 2; MgCl~2~, 1; glucose, 10; HEPES, 10; pH 7.35 with NaOH.

Instrumentation {#cytoa23591-sec-0008}
---------------

### Spectrally resolved confocal microscopy {#cytoa23591-sec-0009}

Spectral and spatial distribution of flavin fluorescence was determined using confocal laser scanning microscopy, Zeiss LSM 510 Meta detector fitted on Axiovert 200 (Zeiss, Jena, Germany). Images were collected with C‐Apochromat 40×, 1.2 NA water immersion objective. Confocal pinhole was set to 114 μm (1.51 AU) creating 1.4 μm optical slices. Spectroscopic measurements were performed in response to excitation by 458 nm (16.5 μW) Ar:ion laser line and 633 nm He/Ne laser line (Lasos Lasertechnik, Jena, Germany), which were used for focus and transmission mode imaging. We located a cell and focused at a given region briefly using low intensity 633 nm laser light detected in a transmission mode to avoid photobleaching before the actual scanning of the cell autofluorescence in response to 458 nm laser line. Emission was detected with spectral META detector at 16 channels (477--638 nm) quasi‐simultaneously. Using this approach, we gathered information from two passes of eight spectral 10.7‐nm‐wide channels (477--552 and 563--638 nm) detected subsequently for one scan resulting in 16‐channel image. All spectra of cardiomyocyte fluorescence were obtained by selecting area in multispectral images using LSM Image Examiner and were corrected for solvent background by subtracting cell‐surrounding area signal from the whole‐cell area signal. Total fluorescence intensity was calculated as a sum of intensities in all 16 channels.

### Photobleaching rate measurement {#cytoa23591-sec-0010}

Photobleaching in this experiment was induced by consecutive scanning of several regions of interest (approx. 20 μm wide stripes, perpendicular to longer cell axis) within single cardiomyocyte cell at 35 ± 1°C. Variable laser power at 458 nm was applied, controlled by modulation of the laser line intensity by acousto‐optics tunable filter (AOTF). Each cell was subjected to sixfold consecutive scanning at different regions, each using different laser power. To prevent the generation of artifacts, each region was shifted laterally within the cell along its longer axis. Fluorescence intensity was presented as a % fraction (± SEM) of the initial intensity obtained during the first scan. Fluorescence was measured in 12‐bit precision within the range of *λ* ~em~ 477--638 nm.

### Contractility measurement {#cytoa23591-sec-0011}

Effect of photobleaching on cardiomyocyte contractility was observed using fast line‐scan protocol. For maximum effect we invoked bleaching by 488 nm laser line (197.2 μW power at the sample space). Fluorescence and transmission images were recorded using excitation by 458 nm laser line. Contraction of the cell was induced by field stimulation at 0.5 Hz at room temperature via Pt electrodes (DS‐2A stimulator; Digitimer Ltd., Hertfortshire, UK).

### Data analysis {#cytoa23591-sec-0012}

Linear unmixing (LSM Image Examiner) was applied on multispectral images using calculated basic spectral components [8](#cytoa23591-bib-0008){ref-type="ref"} (component 1, component 2, and component 3 with spectral maxima around 500, 530, and 560, respectively, and residues). The result of this algorithm is a spatial distribution of intensity‐coded values of weighting coefficients of individual spectral components. Calculated intensity of basic spectral components was determined as a mean value of its weighting coefficient within the whole cell area. Data are shown as mean ± SEM. Comparison between means was made by Student\'s *t*‐test.

Results {#cytoa23591-sec-0013}
=======

Characterization of the Photobleaching Rate {#cytoa23591-sec-0014}
-------------------------------------------

Our first step was to determine the real power of the excitation laser source. The incident power of 458 nm Ar:ion laser was measured at the specimen plane using calibrated photodiode. We plotted the measured laser power (0.14--16.5 μW) as a function of the software adjustment of the laser line intensity using AOTF tunable filter within 1--100% of its transmission range. The laser power proved to be linear with respect to AOTF settings within the whole recorded range (Fig. [1](#cytoa23591-fig-0001){ref-type="fig"}a).

![Dependency of autofluorescence photobleaching on radiant exposure. (**a**) Laser power measured at sample space as a function of software adjustment for 458 nm Ar:ion laser line intensity using AOTF. (**b**) Photobleaching of the cell autofluorescence (*λ* ~exc~ 458 nm/*λ* ~em~ 477--638 nm) as a function of radiant exposure using different settings of laser power. Fluorescence intensity is presented as a % fraction (± SEM) of the initial intensity obtained during the first scan.](CYTO-95-13-g001){#cytoa23591-fig-0001}

In the subsequent experiment, in order to reduce the variability in the bleaching rates we have scanned several (*n* = 5) regions of interest within single cells with increasing laser power. In such arrangement we did not expect any motion effects, such as passive diffusion or active translational processes taking into consideration that the flavin fluorescence originates from flavins in mitochondria, as demonstrated by [21](#cytoa23591-bib-0021){ref-type="ref"}, and also confirmed in our cells [7](#cytoa23591-bib-0007){ref-type="ref"}. Each region of interest was scanned subsequently 6 times.

The energy delivered onto the specimen can be approximated as a product of laser power (0.14--16.5 μW), multiplied by pixel dwell time (15.2 μs), multiplied by number of averaging acquisition scans [16](#cytoa23591-bib-0016){ref-type="ref"}, and finally multiplied by number of subsequential scan (0--5). The pixel size (approx. 0.24 μm) was set as to match the diffraction‐limited beam profile (0.27 μm diameter of Airy pattern for the given 40x/1.2 water objective and 458 nm laser). In such settings, neither the movement of the laser beam during scanning nor the sampling/physical focus mismatch induced substantial aberrations and the total radiant exposure of each irradiated point of the sample can be estimated as absorbed energy per pixel area. Decrease in the autofluorescence intensity with respect to different radiant exposure values is shown at Figure [1](#cytoa23591-fig-0001){ref-type="fig"}b. The autofluorescence emission intensities are represented here as a percentage of the initial intensity, measured using the same laser power. Such representation of obtained data allowed us to compare the rate of photobleaching among all experimental adjustments and combinations.

Gathered results revealed exponential decrease of the autofluorescence intensity with each subsequent scan, which was similar for all laser power settings used, although at a different scale. Already during the second scan, we have always recorded an abrupt decrease of the autofluorescence. Subsequent scans lead to ongoing, but slower decrease in the fluorescence emission. Interestingly, we have observed that the autofluorescence decrease due to photobleaching depends on the total radiant exposure rather than on the laser power, following a single exponential decay trend. We can summarize that the photobleaching rate is proportional to the absorbed energy.

Finally, by modulating the laser power using AOTF, we have tried to find experimental settings for which the photobleaching could be considered negligible. However, despite reducing the photobleaching at lower laser powers, this way of coping with this phenomenon was not successful. The extent of photobleaching remained large even at low excitation powers. For example, consecutive scanning of a small cell area using attenuated laser power to only 1% of the initial laser power resulted in an intensity drop to as much as (at about) 85% of the initial intensity (Figure [1](#cytoa23591-fig-0001){ref-type="fig"}b, insert). In contrast, at excitation levels low enough to prevent photobleaching, the weak fluorescence emission signal resulted in the deterioration of the fluorescence emission spectrum due to poor signal‐to‐noise ratio.

Spectral Characteristics of Photobleaching {#cytoa23591-sec-0015}
------------------------------------------

Our second step was to evaluate the effect of consecutive scanning on the spectral characteristics of cardiomyocyte autofluorescence signal. We have collected the autofluorescence from living cardiac cells in response to six successive scanning cycles using 16.5 μW (100%) Ar:ion laser line at 458 nm with 2.56 μs pixel time, performed in a 30 s interval. Cardiomyocyte flavin fluorescence signal was distributed in longitudinal stripes throughout the whole cardiomyocyte area, except for the nuclei (Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}a, upper insert). As we demonstrated previously, this localization corresponds to mitochondria [7](#cytoa23591-bib-0007){ref-type="ref"}. The multiple exposures to excitation by light did not produce any noticeable damage to the cells, as evidenced by no change in the morphological parameters, as well as by absence of hyper‐contractions, blurred z‐lines, and/or osmotic blebs (Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}a, lower insert).

![Spectral changes accompanying photobleaching of flavin autofluorescence, induced by consecutive scanning. (**a**) Photobleaching of whole cell autofluorescence (16.5 μW 458 nm laser line, *λ* ~em~ 477--638 nm) during consecutive scanning of autofluorescence. Averaged autofluorescence emission and spectra ± SEM of (*n* = 5) cells acquired from the multispectral image obtained by first (▪), second (●), third(▴), fourth (○), fifth (▸), and sixth (Δ) scan. In the insert, the overall 16 channel (*λ* ~exc~ 458 nm/*λ* ~em~ 477--638 nm) color‐coded image of single cardiomyocyte flavin fluorescence obtained by multispectral confocal laser scanning microscopy (upper image) and transmission recording (lower image). Scale bar: 20 μm. (**b**) Comparison of normalized spectrally‐resolved flavin fluorescence in control conditions, before bleaching (‐●‐), and of the fifth scan (‐□‐). Note the red spectral shift of about 20 nm of the spectrum after bleaching.](CYTO-95-13-g002){#cytoa23591-fig-0002}

At the same time, the extensive photobleaching of autofluorescence following six successive multispectral scans affected both the total intensity of the emitted light (Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}a), and, more importantly, its spectral shape (Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}b). Using the multispectral detection, it became clear that the photobleaching of autofluorescence, which has a complex spectrum consisting of various fluorescence components [8](#cytoa23591-bib-0008){ref-type="ref"}, is not spectrally homogenous. The marked decrease in the fluorescence after the first scan was caused by photobleaching of molecules emitting predominantly in the blue/green spectral region. Cells scanned for the first time had emission peak at 510 nm. The lowering of the fluorescence was accompanied by a red shift (up to 530 nm) of the emission peak of cells exposed to consecutive scanning, when compared to control conditions. This fact is clearly visible after the normalization of spectra in control conditions and after bleaching.(Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}B). Such comparison of the first and the sixth scans revealed that the bleaching induced clear red spectral shift of about 20 nm.

Differences in Bleaching Rates Among Individual Autofluorescence Components {#cytoa23591-sec-0016}
---------------------------------------------------------------------------

To further determine the source of spectral heterogeneity observed during photobleaching, we have applied the spectral unmixing algorithm [25](#cytoa23591-bib-0025){ref-type="ref"} on autofluorescence images (Fig. [3](#cytoa23591-fig-0003){ref-type="fig"}), using the spectra of individual flavin fluorescence components that we have identified previously in these cells [8](#cytoa23591-bib-0008){ref-type="ref"}. The spatial distribution of autofluorescence (Fig. [3](#cytoa23591-fig-0003){ref-type="fig"}a) revealed the spatial heterogeneity in the rate of autofluorescence photobleaching within individual cells. The predominant bleaching of autofluorescence is originating from mitochondria densely distributed in cardiac cells, as opposed to sustained bright autofluorescence originating from lipofuscine granules localized in the perinuclear region. Lipofuscine fluorescence, which presented multiple emission maxima, including the ones in the yellow and the red spectral range, also underwent photobleaching, although at much slower rate (data not shown).

![The effect of photobleaching on unmixed individual flavin fluorescence components. (**a**) Representative image of a cardiomyocyte flavin fluorescence resolved by linear unmixing of its spectral components. The individual fluorescence components were resolved from the overall 16 channel (*λ* ~exc~ 458 nm/*λ* ~em~ 477--638 nm) color‐coded image of single cardiomyocyte flavin fluorescence (see insert in Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}a). Unmixed images of the autofluorescence components 1--3, including the residues, is shown for six consecutive scans, following photobleaching using 100% (16.5 μW) laser line. (**b**) Comparison of the change in the fluorescence intensity of individual spectral fluorescence component 1 (‐□‐), component 2 (‐●‐), component 3 (○), and its residues (Δ) with six consecutive scans computed by principal component analysis. Averaged autofluorescence emission intensity ± SEM (*n* = 5) is shown.](CYTO-95-13-g003){#cytoa23591-fig-0003}

Data gathered at Fig. [3](#cytoa23591-fig-0003){ref-type="fig"} uncovered differences in the bleaching rates among individual autofluorescence components: the spectral component 1, identified in our previous work [8](#cytoa23591-bib-0008){ref-type="ref"} as corresponding to the flavin bound in electron transfer chain (ETF) and lipoamide dehydrogenase (LipDH), was the most photolabile. This component was clearly responsible for an abrupt fall in the fluorescence intensity after the first scan. The photobleaching rates of the component 2, corresponding to free FAD and of the component 3, corresponding to Acyl‐CoA dehydrogenase [8](#cytoa23591-bib-0008){ref-type="ref"}, which are of lower intensity, also presented lower rate of photobleaching. This result explains the red shift of the overall fluorescence, observed after the photobleaching (Fig. [2](#cytoa23591-fig-0002){ref-type="fig"}b). The intensity of the residual channel representing residuals in the fluorescence spectra after unmixing also presented lesser decrease with consecutive scanning.

Responsiveness to Modulation of the Mitochondrial Respiration {#cytoa23591-sec-0017}
-------------------------------------------------------------

In the next step, our goal was to test whether the decrease of autofluorescence caused by photobleaching is reversible and whether it affects the cell responsiveness to metabolic modulation. In these experiments, the whole cell areas were repetitively scanned in 1--5 min intervals and, in the recovery periods between scans, the cells were field stimulated (to induce contractions cell and thus stabilize metabolic loading) and continuously perfused with basic external solution or solutions containing modulators described below, at 35 ± 1°C (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}a).

![The effect of photobleaching on metabolic modulation of flavin autofluorescence. (**a**) Image of representative cardiomyocyte in control conditions and after the 1st scan (B1st) versus the 3rd consecutive scan (B3^rd^), and/or in the presence of 5 min metabolic modulation with 4 mmol/l of NaCN and/or 50 μmol/l of DNP; return to control (B). Scale bar: 20 μm. (**b**) Averaged autofluorescence emission spectra ± SEM (*n* = 7) of single cardiomyocytes without perfusion (o) obtained by successive scanning (‐▪‐), and perfused with modulators of mitochondrial respiratory chain after photobleaching (i) obtained after third scan (‐●‐) or without photobleaching (ii) obtained after first scan (‐Δ‐).](CYTO-95-13-g004){#cytoa23591-fig-0004}

In control conditions (without modulators), the initial rapid decrease of fluorescence intensity of precontracted cells had stabilized after the first three scans to about 40% of the original intensity (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, o), as opposed to previous experiments in resting cells, where sixfold consecutive scanning of cells resulted in a drop to about 70% of the initial intensity.

We then analyzed the differences in the responsiveness of the flavin fluorescence intensity to metabolic modulation in the presence (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}a, i) and in the absence (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}a, ii) of photobleaching. Modulators of mitochondrial metabolism were applied as previously described [26](#cytoa23591-bib-0026){ref-type="ref"}. We have perfused the cells with solution containing 4 mmol/l NaCN, a well‐known blocker of mitochondrial respiration chain at level of Complex IV, and 50 μmol/l 2,4‐dinitrophenol (DNP), the uncoupler of mitochondrial respiration and oxidative phosphorylation, already used in our previous work [7](#cytoa23591-bib-0007){ref-type="ref"}, [8](#cytoa23591-bib-0008){ref-type="ref"}.

In the first set of these experiments (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, i), we have applied modulators in photobleached cells, after the third consecutive scan. The initial decrease in the total fluorescence intensity was caused solely by photobleaching. Application of 4 mmol/l NaCN leads to clear lowering of the fluorescence after 5 min of exposure (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, i). After switching the perfusion back to basic external solution, the fluorescence intensity returned. However, after 5 min, this rise was only to the level corresponding to the bleached fluorescence intensity, the initial intensity level was not recovered. In contrast, the 50 μmol/l DNP caused significant increase in the fluorescence after 5 min perfusion, but again the 5 min washout of DNP leads to the return to the level of the bleached intensity, not to the initial intensity.

In the second set of these experiments (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, ii), we have repeated the same experiment in the absence of photobleaching, in order to separate the effect of photobleaching from that of metabolic modulators on cellular autofluorescence. In these experiments, instead of consecutive scanning of the same cell, the autofluorescence emission was collected each time from a different cell in the same batch (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, ii). Similar to the previous experiment, after application of 4 mmol/l NaCN, we have observed a substantial decrease in the fluorescence intensity. After washout of NaCN, the fluorescence returned to the initial intensity. Similarly, substantial increase in the fluorescence intensity after application of 50 μmol/l DNP was followed by a return of the fluorescence intensity to the initial levels following the DNP washout. The response to the application of modulators, namely the DNP, was smaller in cells exposed to multiple scanning (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, i) than in cells exposed to single scanning (Fig. [4](#cytoa23591-fig-0004){ref-type="fig"}b, ii).

We have then compared the spectra of autofluorescence responses to modulators (Fig. [5](#cytoa23591-fig-0005){ref-type="fig"}). The decrease in fluorescence after application of NaCN was observed in the whole flavin part of the autofluorescence spectrum and was comparable in cells without photobleaching (Fig. [5](#cytoa23591-fig-0005){ref-type="fig"}a) and in the photobleached ones (Fig. [5](#cytoa23591-fig-0005){ref-type="fig"}b). The application of DNP was followed by an increase in the fluorescence in both cases predominantly in the green region with maximum at 540 nm. However, in cells scanned for the first time, the autofluorescence increase was much more pronounced than that in cells exposed to multiple scanning, where the autofluorescence increased only slightly. In order to better understand the nature of metabolic change that is taking place in the photobleached conditions, we have evaluated percentage of oxidized nucleotides, as described in our previous work [27](#cytoa23591-bib-0027){ref-type="ref"}. Using conditions in the presence of DNP as the fully oxidized one, and in the presence of NaCN as the fully reduced one, the percentage of oxidized nucleotides was determined as (fully oxidized--control)/(fully oxidized--fully reduced). These calculations were done from data at Figure [5](#cytoa23591-fig-0005){ref-type="fig"} at 520 nm (spectral maximum in control) and revealed that while in control conditions the cells were oxidized to about 56%, in photobleached cells, the number of oxidized nucleotides was decreased to 36% and thus by 20%. These data therefore point to functional effect of the photobleaching on the cardiomyocyte metabolism.

![The effect of photobleaching on flavin autofluorescence spectra during metabolic modulation. (**a**) Averaged flavin fluorescence emission spectra ± SEM (*λ* ~exc~ 458 nm/*λ* ~em~ 477--638 nm) of single cardiomyocytes perfused with modulators of mitochondrial respiratory chain obtained by scanning of different cells (*n* = 7) after the first scan (in the absence of photobleaching), versus (**b**) after the third scan (after photobleaching). Emission spectra measured in basic external solution (‐●‐), after 5 min perfusion with 4 mmol/l NaCN (‐▾‐), and after 5 min perfusion with 50 μmol/l DNP (‐Δ‐).](CYTO-95-13-g005){#cytoa23591-fig-0005}

To evaluate the precise contribution of individual autofluorescence component responsiveness to metabolic modulators, we have applied linear unmixing algorithm on multispectral autofluorescence images of modulated cardiomyocytes (Fig. [6](#cytoa23591-fig-0006){ref-type="fig"}). In the absence of modulators, the rate of the photobleaching induced by scanning with 1--5 min recovery breaks (Fig. [6](#cytoa23591-fig-0006){ref-type="fig"}b, o) was slower for all three components. The fluorescence of component 2 and component 3, but not that of component 1, even spontaneously recovered.

![The effect of metabolic modulation on unmixed individual flavin autofluorescence components during photobleaching. (**a**) Representative image of cardiomyocyte flavin fluorescence resolved after linear unmixing of its spectral components is shown after the 1st scan (B1^st^) versus the 3rd consecutive scan (B3^rd^) and/or in the presence of 5 min metabolic modulation with 4 mmol/l of NaCN and/or 50 μmol/l of DNP; return to control (B). (**b**) Comparison of the change in the fluorescence intensity of individual spectral fluorescence component 1 (‐□‐), component 2 (‐●‐), component 3 (○), and its residues (Δ) with six consecutive scans computed by principal component analysis. Averaged autofluorescence emission intensity ± SEM (*n* = 7) is shown in control conditions without modulators (o) and with modulators in the presence of photobleaching after the third scan (i), or in the absence of photobleaching after the first scan (ii).](CYTO-95-13-g006){#cytoa23591-fig-0006}

In cells exposed to photobleaching (Fig. [6](#cytoa23591-fig-0006){ref-type="fig"}b, i), as well as those without photobleaching (Fig. [6](#cytoa23591-fig-0006){ref-type="fig"}b, ii), the fluorescence of component 1 was the most responsive to uncoupling, as its fluorescence increased about two‐fold. Also, altered cell functioning in cells exposed to multiple scanning was observed by slower, gradual responsiveness of all three autofluorescence components to mitochondrial modulators when compared to immediate autofluorescence changes in cells exposed to one scan only. The fluorescence of component 1 recovered neither spontaneously in control conditions, during the recovery intervals or after NaCN washout, nor when its increase was induced by application of DNP. Its fluorescence returned to the bleached level after DNP washout. These results clearly indicate the role of component 1 in functional repercussion of photobleaching on the cell behavior.

In the last step, taking into consideration our findings of the repercussions of photobleaching on the cell metabolic state, we aimed to evaluate whether this is also reflected on the cell contractility, one of the most important parameters characterizing cardiac cell functioning. Flavin fluorescence intensity (Fig. [7](#cytoa23591-fig-0007){ref-type="fig"}a,c) was recorded together with the cardiomyocyte contraction at 0.5 Hz (Fig. [7](#cytoa23591-fig-0007){ref-type="fig"}b,d). Our data demonstrated that significant decrease in the fluorescence intensity induced by photobleaching (Fig. [7](#cytoa23591-fig-0007){ref-type="fig"}c) led, in the same cells, to significant rise in the cell contractility (Fig. [7](#cytoa23591-fig-0007){ref-type="fig"}d), indicating functional repercussions of the induced photodamage. These experiments demonstrate that induced photobleaching had an impact on the functional outcome of the cardiac cell---the cardiomyocyte contractility.

![The effect of photobleaching on cardiomyocyte contractility. (**a**) Cardiomyocyte flavin fluorescence image (*λ* ~exc~ 458 nm/*λ* ~em~ 477--638 nm) before and after extensive bleaching of cardiomyocyte autofluorescence by 488 nm Ar:ion laser line at room temperature in control (i) and after bleaching (ii). (**b**) Example of contractility measurement by transmission line‐scanning mode. Picture demonstrates maximal cell length at relaxed state and minimal cell length at contraction state induced by field stimulation at 0.5 Hz at room temperature in control (i) and after bleaching (ii). (**c**) Cardiomyocyte flavin fluorescence intensity, expressed as average ± SEM (*n* = 9), before and after bleaching. (**d**) Cardiomyocyte shortening induced by field stimulation at 0.5 Hz, expressed as percentage of maximal cell length at relaxed state at room temperature before and after bleaching. Data are expressed as average ± SEM (*n* = 9).](CYTO-95-13-g007){#cytoa23591-fig-0007}

Discussion {#cytoa23591-sec-0018}
==========

Experiments with multiple scanning of images with 458 nm laser line and detection of fluorescence in multispectral mode revealed an abrupt and spectrally heterogenous photobleaching of cellular flavin endogenous fluorescence in cardiomyocytes. Similar shapes of decay curves of total flavin autofluorescence due to photobleaching were also observed in cardiomyocytes using 350--480 nm band pass lamp, 488 nm laser [20](#cytoa23591-bib-0020){ref-type="ref"}, and 900 nm two‐photon excitation [21](#cytoa23591-bib-0021){ref-type="ref"}.

Photobleaching is a dynamic process in which fluorochrome molecules undergo photoinduced chemical destruction upon exposure to excitation light and thus lose their ability to emit fluorescence [28](#cytoa23591-bib-0028){ref-type="ref"}. Recording of the flavin fluorescence by spectral‐resolved microscopy showed that photobleaching induced by consecutive scanning is dependent on the radiant exposure of the sample, rather than on the laser power [29](#cytoa23591-bib-0029){ref-type="ref"}. This result is in agreement with previous observations [13](#cytoa23591-bib-0013){ref-type="ref"}, where various levels of radiant exposure induced the photobleaching of cardiomyocyte flavin autofluorescence comparable to our results.

Flavins are known to be rather photolabile [30](#cytoa23591-bib-0030){ref-type="ref"}. Their isoalloxazine chromophores system also constitutes the redox active moiety of the flavin coenzymes. One of the photochemical degradation pathways for riboflavin compounds is the intramolecular photoreduction involving ribityl side chain dehydrogenation and reduction in the isoalloxazine nucleus. It results in the formation of products more susceptible to photolysis and hydrolysis [30](#cytoa23591-bib-0030){ref-type="ref"}. Photoreduction of flavins, a photochemical reaction that leads to a loss of fluorescence as the quantum yield of reduced flavin, is very low, and reduced flavin does not absorb light at blue‐light excitation [30](#cytoa23591-bib-0030){ref-type="ref"}.

In in vitro conditions, at low excitation intensities, flavin photoreduction is reversible and oxygenation of rapidly photoreduced flavin solutions results in spectra essentially identical to those obtained before light exposure and thereby indicates that no significant photodecomposition of the flavins occurs [15](#cytoa23591-bib-0015){ref-type="ref"}. At higher excitation intensities, however, the system builds up a population of nonfluorescent molecules due to subsequent photobleaching and photodestruction [30](#cytoa23591-bib-0030){ref-type="ref"}.

In living cells, illumination by bright light causes the decrease in flavin autofluorescence. We observed that altered fluorescence was accompanied by change in the fluorescence spectra with shifted emission maximum and lower intensity. This suggests that, besides photoreduction, part of the flavin pool was also photodestructed. Application of linear unmixing algorithm on spectrally resolved images allowed us to investigate photobleaching of individual components separately. These results revealed that spectrally heterogeneous decrease in autofluorescence emission due to photobleaching is caused by different bleaching rates of individual flavin components. The highest bleaching rate of component 1, ascribed to flavoproteins ETF and LipDH [8](#cytoa23591-bib-0008){ref-type="ref"}, could be explained by the fact that, in flavoproteins, photochemical destruction in flavoenzymes is accompanied with concomitant release of the flavin cofactor [30](#cytoa23591-bib-0030){ref-type="ref"}. Also, flavin cofactor is bound to the protein in an extended conformation. The intramolecular quenching of the FAD molecule in flavoproteins is therefore removed [30](#cytoa23591-bib-0030){ref-type="ref"}, and flavin bound in LipDH has considerably higher fluorescence quantum yield \~0.1 when compared to free FAD \~0.03 [30](#cytoa23591-bib-0030){ref-type="ref"}. We therefore consider that abrupt fall in fluorescence of component 1 might be due to photodestruction accompanied by release of FAD cofactor after exposure to high excitation intensity. Slower rate of photobleaching of components 2 and 3 ascribed to free FAD and to acyl‐coA dehydrogenase, respectively [8](#cytoa23591-bib-0008){ref-type="ref"}, and partial recovery of fluorescence of during recovery intervals suggest that other mechanisms of photobleaching and inherent recovery are also involved.

Although passive diffusion or active translational processes of unbleached molecules into the observed area are proposed in various studies to be responsible for recovery of fluorescence after photobleaching, we do not expect this mechanism to be involved in our study, because the sources of flavin fluorescence are localized in mitochondria and are not likely to diffuse. Moreover, the whole volume of the cell was exposed to bleaching, since the whole area was scanned, and in single photon microscopy, the whole specimen is exposed to high intensity excitation light.

We also tested whether the photobleaching affected the responsiveness of the cell to metabolic modulators. In cells unexposed to previous scanning, fluorescence changes of all three components induced by application of mitochondrial modulators NaCN and DNP were fully reversible after the washout of both of modulators. Decrease in fluorescence after application of NaCN being due to block of the Complex IV of the respiratory chain [11](#cytoa23591-bib-0011){ref-type="ref"}, the recovery of fluorescence after NaCN washout is thus due to reoxidation of flavins after NaCN block removal. In contrast, as the increase in the fluorescence after application of DNP is due to uncoupling, we propose that the decrease of fluorescence after DNP washout is due to the reduction of flavins after removal of the protonophore.

In cells exposed to previous scanning, however, altered and delayed responsiveness to metabolic modulators was observed. Gathered data shows that percentage of oxidized nucleotides was decreased of about 20% of its original value, indicating that the cells are in a more reduced state. Decrease in fluorescence of component 1 was observed in control conditions prior to metabolic modulation. Only part of component 1 pool seemed to be involved in responses to mitochondrial modulators, smaller in amplitude when compared to unimpaired cells. This result suggests that this part of component 1 pool was irreversibly photo‐destructed. In contrast, fluorescence of component 2 and component 3 returned to the initial level after DNP washout. We propose that such reversible decrease in the fluorescence of these components after multiple scanning was due to photoreduction, and return of fluorescence for these components was accomplished by their reoxidation in the respiratory chain either spontaneously during the recovery intervals, or induced by DNP.

In cardiomyocytes, enzyme‐dependent fluorescence recovery after photobleaching of coenzymes involved in redox reactions was described for NADH [31](#cytoa23591-bib-0031){ref-type="ref"}. Return of bleached NADH (which is fluorescent in reduced form) is proposed via reduction of NAD^+^ pool by reductases. NADH signal returns to the original steady state level, suggesting that the photodamage to the NADH generation system is minimal [31](#cytoa23591-bib-0031){ref-type="ref"}. Our previous work on photobleaching of time‐resolved spectra of NADH fluorescence in cardiomyocytes [22](#cytoa23591-bib-0022){ref-type="ref"} revealed only limited damage, but the study was not done by imaging. In the present case, however, we observed altered autofluorescence responses to mitochondrial modulators in bleached cells. Namely, the responsiveness to DNP was lowered, suggesting that the bleached cells are in a more reduced state. This result indicates that besides photoreduction, also photodestruction is observed. This is in agreement with early observations of inactivation of mitochondrial enzymes after live cell exposure to visible light [32](#cytoa23591-bib-0032){ref-type="ref"}. Besides inactivation, violet‐blue light is also suggested to stimulate H~2~O~2~ production in peroxisomes and mitochondria via activation of flavin‐containing oxidases [33](#cytoa23591-bib-0033){ref-type="ref"}.

Flavin fluorescence photobleaching was associated, in recorded cells, with significant changes in the cardiomyocyte contractility. This observation is in agreement with the fact that main effect was observed at the level of the component I (ETF/LipDH), so at the level of mitochondrial respiratory chain. These results also correspond to cells being in a reduced state after photobleaching. This clearly points to functional repercussions of the effect of photobleachinng on the cell metabolism. When compared to other observations of photodamage in living cells using fluorescence microscopy, cell photodamage due to flavin photobleaching was in our study more emergent and intense. Namely, the lack of an immediate photobleaching decay of NADH cellular autofluorescence with the first acquired frame is observed at low excitation intensities [34](#cytoa23591-bib-0034){ref-type="ref"}. A defined laser‐power threshold inducing photodamage was related to sudden drop or rise of fluorescence of Ca^2+^‐sensitive indicators [35](#cytoa23591-bib-0035){ref-type="ref"}, [36](#cytoa23591-bib-0036){ref-type="ref"}. Observed effect on contractility thus may be ascribed to modification of calcium kinetics. Experiments with attenuated laser‐power showed considerable photobleaching even at low excitation power and decrease of fluorescence was non‐negligible for the whole range of excitation conditions (already after the first scan). Also, within the applied range of radiant exposure values we observed substantial flavin photobleaching, yet no other apparent signs of damage to cardiomyocytes, such as formation of bright circular lesions [34](#cytoa23591-bib-0034){ref-type="ref"} or blurred z‐lines, spontaneous contractions and blebbing [31](#cytoa23591-bib-0031){ref-type="ref"}, were observed. Photobleaching of naturally occurring fluorophores is therefore important to take into consideration also in other types of patho‐/physiological and metabolism experiments, where low laser excitation powers are used and no other apparent signs of photodamage are observed. Consequently, photobleaching has to be assessed in all situations, where functional measurements are taken and conclusions on the cell state driven.

Overall data gathered in this work revealed that successive scanning of the same cell in the multispectral mode caused deviations in the shape of fluorescence emission spectrum due to inhibition of the respiratory chain and putting cells in a more reduced state. Consequently, such approach is not suitable for determination of fine changes in spectral shape reflecting redox state of flavins and flavoproteins altered by modulators. Instead, we propose performing such measurements each time on a different cell and then to compare averaged emission spectra between populations. Spectra obtained from successive scans should be used with great care and deterioration of signal by photobleaching always has to be taken into consideration. Considerable photobleaching, which causes alterations in responsiveness to mitochondrial modulators, was also observed in experiments where attenuated laser powers were used. Therefore, the possibility that energy metabolism is altered needs to be considered in all experiments where the light excitation induces flavin absorption.

Conclusions {#cytoa23591-sec-0019}
===========

In the present study, we have analyzed in details photobleaching of endogenous flavins fluorescence in living cardiac cells in the course of spectrally‐resolved confocal imaging. We demonstrated nonuniform photobleaching due to different photobleaching rates of individual flavin components, leading to photodamage which caused significant alterations in normal cell functioning, as monitored by responsiveness to metabolic modulators and by cell contraction, but without obvious changes in the cell morphology. These findings need to be taken in account when metabolic screening is performed, as well as in both qualitative and quantitative studies using endogenous flavin fluorescence and thus in all studies involving visible light excitation and fluorescence acquisition in living cells.
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